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MFM study of a sintered Nd-Fe-B magnet: analysing domain 
structure and measuring defect size in 3D view.    
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This paper describes the use of Magnetic Force Microscopy (MFM) to investigate the domain structure of sintered Nd-Fe-B magnet 
in a thermally demagnetized state. Observations are made at both perpendicular and parallel surfaces to the alignment axis (easy axis). 
Clear magnetic contrast images in 3D view with defined domain structures are presented. Maze-like magnetic domains and stripe 
magnetic domains are observed in the perpendicular and parallel surfaces respectively. Superficial spike domains and reverse spikes 
are observed within the main domains and analysed in 3D view. MFM images illustrate the grains of Nd-Fe-B magnets, and indicate 
the multi-domain structures within individual grains. The effect of interfacial defects upon the domain structure is studied in 3D, and 
evident reverse magnetic domains (nucleation sites) are observed on the imperfection region. The height and width of the defect region 
are determined using XEI imaging software. In addition, the volume and surface area of nucleation region are evaluated and validated 
theoretically by developing an approach involving coercivity versus the nucleus volume. Defect regions have been identified by using 
Raman spectroscopy as an oxide in character rather than metallic. The average domain width and domain wall energy have been 
determined for both directions.  
 
Index Terms— Magnetic domains, Nd-Fe-B, magnetic force microscopy (MFM), XEI digital image processing, coercivity   
 
I. INTRODUCTION 
DETAILED knowledge and a complete understanding of the 
magnetic microstructure of materials are very important 
for the development of high performance permanent magnets 
in order to achieve high coercivity (Hc). In this context, 
knowledge of magnetic domain behaviour in relation to 
macroscopic parameters and the physical microstructure of 
magnets is essential for the theoretical modelling of magnetic 
properties.  
The main priority for developers of permanent magnet 
materials is always to achieve high coercivity and remanence 
(Br). However, in Nd-Fe-B materials, microstructural aspects 
such as grain size and phase morphology have a strong 
influence on coercivity and remanence. The grain size (D) of 
magnetic materials varies inversely with coercivity [1]. An 
important mechanism in explaining improvements in 
coercivity and remanence is magnetic domain morphology and 
interaction.  
In general, to improve the magnetic properties of Nd-Fe-B 
magnets at high temperature, besides the Nd2Fe14B matrix 
phase, minor phases are added to the Nd-Fe-B phase such as: 
Dy substitution for Nd; Co substitution for Fe; NdFe4B4 
phase; Nd-rich phase; α-Fe; and Nd oxides and pores. The 
minor phases are generally located at the grain boundaries or 
junctions of the Nd2Fe14B matrix phase. At the same time, if 
the minor phases are concentrated in one place over the surface 
during the annealing process, reversed magnetic domains 
appear at low reverse magnetic field [2], and hence these 
phases may are described as defects on the surface of the 
Nd2Fe14B grains. 
The influence of surface defects upon the coercivity of 
permanent magnet materials has been emphasized recently by 
simulations and fabrication [3-5]. A recent study estimated the 
size of non-uniform regions near lattice defects for sintered 
Nd-Fe-B magnet using small-angle neutron scattering (SANS) 
methods and speculated the reduction in defect size may 
increase the coercivity [6]. In addition, It has been proved for 
Co/Pt multilayers using magneto-optical microscopy that the 
appearance of nucleation regions of a reversed domain takes 
place at limited number of extrinsic defects in macroscopic [7]. 
Theoretically, two main models have been developed to 
describe the correlation between the magnetization reversal 
and the coercivity of permanent magnet materials. One was 
proposed by Kronmüller [8] within the so-called 
micromagnetic approach, and the other is a phenomenological 
(global) model suggested by Givord et al. [9]. Both models 
describe the defect mechanism and have the common 
weakness that they use the hard magnetic phase energy as the 
energy reference because the defects physical characteristics 
are unknown. 
There are a variety of techniques for observation of 
magnetic domains; magnetic force microscopy MFM is among 
these methods based on the magnetostatic forces or force 
gradients between magnetic tip and magnetic specimen [10]. 
MFM technique is used for imaging magnetic domain 
structures of hard magnetic materials such as Nd-Fe-B [11-15] 
and SmCo [16, 17] magnets with more references therein. In 
1996 Folks et al stated that MFM force gradient image of the 
stray field for the sintered Nd-Fe-B shows a variety of 
interesting magnetic domain patterns such as bubble domains 
and stripe domains [11]. Detailed explanation on the 
mechanism of interpreting MFM data as magnetic domains is 
showed in references [10, 18]. 
The purpose of this study is to investigate the magnetic 
domain microstructure of sintered Nd-Fe-B magnets using 
MFM. Observations are made on the perpendicular and 
parallel directions to the magnetic alignment axis. This paper 
focuses on analysing domain patterns in 3D view to clarify the 
domain structure and distinguish features or defects. 
Furthermore, this paper studies the effect of interfacial defects 
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that appear on topographic images upon the domain patterns of 
MFM images. These new MFM images illustrate obvious 
reverse domains as nucleation on the defect region. By using 
XEI image processing software, the width and height of these 
features or defects can be easily evaluated and the volume and 
surface area of the nucleation region determined. The effect of 
the nucleation region on coercivity has been theoretically 
estimated. An approach has been developed for the analysis of 
the change of coercivity with nucleation volume, and this 
shows that the coercive field increases with nucleation volume. 
Defect regions have been identified by using Raman 
spectroscopy as an oxide in character rather than metallic. 
The domain width and domain wall energy of the Nd-Fe-B 
magnet have been determined in parallel and perpendicular 
alignment directions. 
II. EXPERIMENTAL METHOD  
This section presents an experimental method for the study 
of a sintered Nd-Fe-B magnet grade N42 in the form of a 
10×8×21 mm cube. Recently, Périgo et al [6] measured the 
magnetic properties of N42 grade of sintered Nd-Fe-B using 
vibrating sample magnetometer (VSM). According to [6] the 
magnet has a coercivity HC of 1058 k A/m, magnetization 
saturation Ms of 1.44T, remanence 𝐵r of 0.68T and maximum 
energy density (BH) max= 75 k J/𝑚3. The magnet is axially 
magnetised between the two 10×8 mm rectangular faces. In 
order to study the magnet in both perpendicular and parallel 
alignment axes, the magnet is sliced into sections and mounted 
in two orientations with the initial magnetisation directions 
parallel and perpendicular to the surface.  
The magnetic microstructure is studied with the 
perpendicular and parallel surfaces to the alignment axis being 
in a thermally demagnetized state. The observation surface is 
progressively ground by decreasing grades of silicon-carbide 
papers from 180 to 1500 grit, and then polished using diamond 
paste in decreasing sizes (14, 10, 7, 5, 3.5, 2.5, 1, 0.5 and 0.25 
microns) with water–free lubricant (alcohol-based). This 
preparation reduces the topographic contrast and smoothes the 
surface to obtain a very clear domain configuration. The 
crystalline microstructure of the studied magnet is imaged 
using scanning electron microscope (SEM). 
MFM measurement is carried out using an XE-150 AFM 
operating in MFM mode using two pass techniques. The 
sample is scanned twice in this technique. In the first scan, the 
tip scans the surface as in true non-contact AFM to obtain the 
topography of the sample. In the second pass, the surface is 
scanned at a higher tip-sample distance along the topography 
line obtained from the first scan to achieve an MFM image 
free of the topography signal. The MFM measurement system 
is controlled using a multimode scanning probe microscopy 
(SPM) controller and an XY stage controller designed for the 
XE-Series AFM. 
 The image is recorded using a PPP-MFMR silicon 
cantilever with a hard magnetic tip radius of 38 nm and 
adequate coercivity. The tip is coated with sufficiently hard 
magnetic coating (≈ 50 nm thick) which can avoid the problem 
of switching polarization [19, 20]. Before each experiment, the 
tip is magnetized along the tip axis perpendicular to the 
specimen surface. The MFM images are collected with a tip–
specimen separation in the range of 50-200 nm.  
The MFM images are then analysed using XEI image 
processing software developed by Park System ( XEI version 
1.8.0.Build20, Copyright © 2002-2011 Park Systems Corp.), 
specifically designed for SPM data and mainly used to process 
AFM images [21, 22]. The XEI software is similar to WSXM 
software [23]. The strategy applied is to enhance the image 
using arithmetic filter processing techniques. The techniques 
of arithmetic filter in XEI are divided into four groups: 
smoothing; sharpening; edge enhancement; and custom [22]. 
Both smoothing and sharpening processes are applied on MFM 
images. The sharpening process is used by high pass filter with 
kernel size 13×13 to produce more noticeable smaller features. 
Then, smoothing process is utilized using Gaussian Blur filter 
with kernel size 7×7 in sequence to remove the noise from 
high frequency [23, 24]. The XEI digital processing software 
is carefully utilised in this work to produce image similar to 
the original observed MFM image with black and white area in 
order to be identified for Matlab software.  
In addition, XEI digital processing software is adopted with 
3-dimensional view [22, 25]. Detailed explanations of 3D view 
mechanism of XEI software is shown in references [22, 23, 
25]. This 3D data explains the Nd-Fe-B domain structure more 
clearly and distinguishes unwanted features or defects.  
A characteristic domain width is determined using the 
stereological method proposed by Rudolf and Hubert [10] 
using Matlab software with 1000 test straight lines (or more) 
applied to the image. The domain wall energy (𝛾𝑤) is then 
evaluated according to the model proposed by Bodenberger 
and Hubert [26] in both alignment directions 
In order to identify oxide/corrosion regions on the surface, 
the sample is studied using a LabRam HR Raman 
spectroscopy which has a confocal microscope in order to 
zoom out to a certain area for imaging. 
III. DOMAIN STRUCTURE ANALYSIS IN 3D VIEW: 
The domain structure is studied in directions perpendicular 
and parallel to the magnetic alignment axis. Fig. 1 illustrates 
the domain structure of a sintered Nd-Fe-B magnet on the 
surface perpendicular (Fig 1(a)) and parallel (Fig. 1(b)) to the 
alignment axis. Fig. 1 upper row shows the original MFM 
images while lower row illustrates the same images after 
applying the XEI digital imaging process (explained in the 
experimental method section). 
Folks et al [11] described the microstructure observation of 
sintered Nd-Fe-B on  perpendicular alignment axis using MFM 
as a magnetic domain with different patterns such as bubble 
domains and stripe domains and the image of figure 5 in 
reference [11] is in agreement with Fig.1(a)  in this paper. 
Furthermore, in 2006, Szmaja reported the domain structure of 
different samples of sintered Nd-Fe-B observed by MFM in 
direction perpendicular to alignment axis and described as 
maze domain and reverse spikes [27].  
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Therefore, the MFM images in Fig. 1 can be described as 
magnetic domains that are composed of main domains and 
domain walls. Fig. 1 (a) shows that within the main domains 
are undulations that form a maze pattern [28, 29]. However, 
this occurrence reduces the magneto-static energy at the cost 
of an increase in the total Bloch wall area [29]. The stray fields 
of the main domains reverse the tip magnetization each time 
when traversing a domain boundary wall, generating black 
highlighting walls leading to loss of information on the 
boundary. 
Furthermore, it should be noted from the right lower 
quadrant of the MFM image in fig. 1 (a) that some domains 
appear with parallel straight domain walls with a different 
shape to the most of main domains. These are referred to as 
stripe or surface domains [10, 15, 27, 28]. The magnetostatic 
interaction energy between the stripe domains and the tip was 
not perturbed, as clearly shown by the straight lines. These 
domains are magnetized perpendicular to the surface 
alignment opposite to the main domains, and they reduce the 
magnetostatic energy close to the sample surface.  
In addition to the main domains, surface domains shown in 
Fig. 1(a), Fig. 2 illustrates some domains within the main 
domains which appear in the surface perpendicular to the 
alignment axis direction as spikes and reverse spikes or 
domains. In Fig. 2 the spikes are displayed as approximately 
conically shaped spikes in the 3D view. The meaning of z axis 
in 3 D view is the height of the surface structure or patterns 
which can be measured using line profile applied. When 2-
diemensional profiles (cross section) are applied, the accurate 
width (distance on x or y) and height (distance in z) can be 
measured [23]. Nevertheless, the spikes within the main 
domains appear to follow the bends of some maze domains in 
3D view. These types of domains have been described as 
ripple patterns that follow the domain walls [30]. It has been 
stated that, if these ripples are interpreted as spike domains, 
they would reduce the domain wall energy [12, 30, 31]. The 
spike domains and reverse spikes reduce the domain wall 
energy, generate a strong surface anisotropy and may reduce 
the density of magnetostatic energy near the surface. 
The reverse spikes are in the opposite magnetization 
direction to the spike domains. However, the spike domains 
and reverse spikes are associated with strong repulsive and 
attractive stray fields respectively acting on the tip, and this 
indicates high and low stray fields in their regions compared to 
the main domains. 
Fig. 1(b) illustrates the domain structure of the Nd-Fe-B 
magnet on the surface parallel to the alignment axis. The 
magnetic domain microstructure largely consists of domain 
walls lying parallel to the magnetization direction in almost 
straight lines. Recently, Fang et al reported the appearance of 
similar plate-like domains and grains observed using MFM in 
direction parallel to the alignment axis [32]. The image 
presented illustrates that, within individual grain; the main 
domains are imaged as stripe domains. The appearance of the 
stripe domain structure is one of the characteristics of the 
surface parallel to the alignment axis for uniaxial materials 
with K1 > 2𝜋Ms
2 (Ms is the saturation magnetization and K1 is 
the first order anisotropy constant) [10, 27].  
Generally, to achieve high coercivity, the tetragonal 
Nd2Fe14B matrix phase has strong magnetocrystalline 
anisotropy. This causes the alignment of the magnet to be 
preferred along the c- axis (alignment axis) [33]. Therefore, 
the study of the domain structure on the surface parallel to the 
alignment axis can provide direct information on the magnetic 
alignment of each individual grain along the alignment axis (c-
axis) [27].  
Fig. 3 shows the grain structure of the studied sintered Nd-
Fe-B magnet observed using MFM in the direction parallel to 
the alignment axis for different areas of same sample. It can be 
noticed from the MFM image in Fig. 3 that the grains have a 
 
Fig. 1.  Typical domain structure of Nd-Fe-B magnet observed using MFM on 
the surfaces:  (a) perpendicular to the alignment axis; and (b) parallel to the 
alignment axis. Upper row and lower row show the original MFM images and 
enhanced MFM images respectively.  
 
Fig. 2. 3D view of Nd-Fe-B domain Structure on the surface perpendicular to 
alignment axis 
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good magnetic alignment across nearly the whole surface, with 
the domain structure appearing as stripes running 
approximately parallel to the alignment axis. It has been stated 
in a previous study [34] that the better magnetic alignment 
between grains, the higher the magnetization produced. There 
are some exceptions in the images where magnetic 
misalignment appears between the grains, which leads to an 
increase in coercivity and a decrease in the remnant 
magnetization Mr with a consequent reduction in the 
maximum energy product (BH)max [35]. 
Furthermore, the size of grain in Fig. 3 is much larger the 
domain size, indicates that multi-domain structures exist in 
each grain. Previous research has reported that each grain has a 
multi-domain structure [28, 36, 37]. The magnetic domains at 
the grain boundaries seem to be terminated. The separation of 
the magnetic domains at grain boundaries are an important 
concern in developing high coercivity magnets. Moreover, the 
images presented show domain walls extending through the 
boundaries of individual grains. This indicates that there is 
magnetic interaction between neighbouring grains and 
domains. 
In order to verify that the tip was not randomly magnetized 
and demagnetized by the sample, the same sample area is 
rescanned at different scan size and height [14]. Fig. 4 shows 
the same sample area re-scanned at different both scan size and 
height in direction perpendicular to the alignment axis. The 
first scan was at height of 200nm and size of 20µm × 20µm 
(Fig.4a), then same area is scanned at 50nm tip-sample 
distance and 10 µm × 10 µm scan size (Fig. 4b). This was 
found to produce a similar image to the first scan image with 
different scan size, which indicates the random magnetization 
had not occurred during scanning. In addition, Fig. 4 assures 
that the tip is observing same domain patterns at different 
conditions. If the observation in such case was different this 
means that the observations of domains are not true. It can be 
noted that there is a different in resolution between Fig. 4(a) 
and (b) because of the effect of Van Deer Waals forces is 
apparent at closest tip-sample distance. As the tip-sample 
separation is increased, the magnetic effects become apparent. 
One way to separate magnetic images from topographic 
images is collecting a series of images at different tip heights. 
50 nm and 200 nm are the smallest tip-sample separation to 
observe the magnetic image without the effect of Van Deer 
Waals forces for 10 µm and 20 µm image sizes respectively. 
IV. DETERMINATION OF THE MAIN DOMAIN WIDTH AND 
DOMAIN WALL ENERGY:  
Microstructural variables such as grain size and phase 
morphology have a strong influence on coercivity and 
remanence. The coercivity (Hc) of a magnetic material varies 
inversely with grain size (D) [1]. However, a strong correlation 
between domain width and coercivity has not been discussed 
in the literature so far. 
It is not easy to determine the domain width for materials 
such as the Nd-Fe-B magnet with complicated domain patterns 
using visual methods. Therefore, a digital method has been 
applied to obtain the main domain width. Most previous 
investigations have evaluated domain width on the surface 
perpendicular to the alignment axis. The determination of 
domain width in the parallel direction has been reported once 
for die-upset Nd-Fe-B magnets [38]. In this paper, domain 
width is determined in both the parallel and perpendicular 
directions. The experimental values of domain width were 
used to evaluate the domain wall energy in both directions.  
In general, an effective domain width can be defined using 
the ratio between an area and the integrated wall length in this 
area. One procedure for evaluating the domain width is based 
on the stereological method proposed by Rudolf and Hubert 
[10]. In this method, the intersections of the domain walls with 
arbitrary test lines are counted and evaluated. According to 
Rudolf and Hubert, the domain width 𝐷𝑤  is determined using 
the following formula: 
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where 𝑙𝑖 is the length of the 𝑖th test line and 𝑛𝑖  is the number 
of intersections of the 𝑖th test line with the domain walls. 
Therefore, domain width is determined by developing a 
model based on the stereological method with 1000 test 
straight lines or more (100 test lines are shown in Fig. 5). The 
length of each line, the total length of test lines and the number 
of intersection points have been accurately determined. The 
procedure was repeated 10 times for each image in order to 
evaluate the accuracy of the determination of domain width. 
This method was applied after enhancing the MFM images 
 
Fig. 4. MFM images scanned at different scan size and tip-sample distance on 
the surface perpendicular to the alignment axis: (a) Scan size 20µm × 20µm 
and 200nm scan height; (b) A re-scan from (a) with scan size of 10 µm × 10 
µm and tip-sample distance of 50nm. 
 
Fig. 3. MFM images of Nd-Fe-B magnet showing the grain structure in 
different areas of the sample in direction parallel to the alignment axis. 
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using the XEI digital imaging process to produce an MFM 
image can suit Matlab software. 
Domain wall energy ( 𝛾𝑤) has been evaluated according to 
the model proposed by Bodenberger and Hubert [26] from the 
expression: 
          


4
)(
2
M sD
w
w
                                                      (2) 
where 𝐷𝑤  is the determined domain width and 𝑀𝑆  is the 
magnetization saturation of the magnet (𝑀𝑆 = 1.44T). β is a 
coefficient depending on the surface structure and its value has 
been previously determined as 0.31 for SmCo5 and similar 
magnetic materials with high magnetocrystalline anisotropy 
[26].       
 Table I represents the domain width and domain wall 
energy of a sintered Nd-Fe-B magnet. It shows that the magnet 
exhibits fine domain structures in both directions with values 
of 0.78 ± 0.01 µm and 1 ± 0.1 µm in directions perpendicular 
and parallel to the alignment axis respectively. The domain 
wall energy is 26 erg/𝑐𝑚2 in the perpendicular direction, and 
38 erg/𝑐𝑚2 in the parallel direction. The previously reported 
values of Nd-Fe-B domain wall energy in the perpendicular 
direction are 𝛾𝑤= 35 erg/𝑐𝑚
2 estimated by Livingston [37], 
and 𝛾𝑤= 33 erg/𝑐𝑚
2 by Szymczak et al. [39]. These early 
results are very close to the value of 𝛾𝑤= 26 erg/𝑐𝑚
2 obtained 
in this paper. The surface parallel to the alignment axis 
exhibits a higher domain width and energy compared to the 
perpendicular direction due to the difference of demagnetize 
field in directions perpendicular and parallel to the alignment 
axis. However, the domain width and domain wall energy for 
the sintered Nd-Fe-B magnet in the direction parallel to the 
alignment axis has been determined for the first time here.      
V. EFFECTS OF INTERFACIAL DEFECTS ON THE DOMAIN 
PATTERNS: 
Fig. 6 shows a typical microstructure of the Nd-Fe-B 
sintered magnet with interfacial defects obtained using MFM 
technique in the direction perpendicular to alignment axis. In 
Fig. 6, the topography image is on the left and the 
corresponding MFM images are in the right. 
There are some defects in the topography image which have 
a clear effect on the MFM image. The shape of the defects 
seems to be elongated vertically along the magnetically 
aligned direction. The reversed domain site on the MFM image 
appears as nucleation region in 3D view. The nucleation site is 
associated with strong attractive force acting on the tip with 
negative force gradient, and this indicates a low stray field in 
their regions. 
Generally, the sintered Nd-Fe-B magnet contains some 
minor phases such as Nd-rich phases, α-Fe, Nd oxides and 
pores which are located at the boundaries and junctions of the 
grains. Ono et al. [36] found that ferromagnetism is weak at 
the Nd-rich triple junctions. The authors suggested that, when 
an external field is applied, the reverse domains may appear as 
nucleation sites in these regions.  Furthermore, Goto et al. [2] 
stated that at low reverse magnetic field, the reverse magnetic 
domains is appeared when some defects is found on the 
surface of the Nd2Fe14B grains. It has been reported that the 
defects are mainly generated from the non-uniform distribution 
of Nd-rich phases during the annealing process [2, 40]. 
In addition, it has proved for Co/Pt multilayers using 
magneto-optical microscopy that the appearance of nucleation 
regions of a reversed domain takes place at limited number of 
extrinsic defects in macroscopic [7]. Recently, Perigo et al 
reported the appearance of spike-type anisotropy and estimated 
the defect size of the order of a few tens of nanometers for 
 
Fig. 5. 100 test lines applied on an MFM image in the stereological method. 
 
Fig. 6. Typical microstructure of sintered Nd-Fe-B magnet with interfacial 
defects appeared: topographic image (Left column); and MFM image (Right 
column). 
TABLE I 
ND-FE-B DOMAIN WIDTH IN BOTH DIRECTION ALIGNMENTS 
Specimen  a Dw ┴ Dw // 
a 𝛾𝑤┴           𝛾𝑤//        
.Nd-Fe-B 0.78 ± 0.01 µm a 1 ± 0.1 µm 26 erg/𝑐𝑚2 38 erg/𝑐𝑚2 
a Dw = the effective main domain width in a direction perpendicular ‘┴’ and parallel ‘//’ to the alignment axis; µm= micro-metre; and 𝛾𝑤= domain wall 
energy evaluated in both directions.  
 6 
sintered Nd-Fe-B magnets using SANS technique [6]. This is 
in agreement with the MFM images shown here, which clearly 
indicating the effect of the defect region on magnetization 
where the magnetic domain is reversed.  
Different areas of the same sample have been imaged by 
MFM and shown in Fig. 7. The figure shows four defects and 
their corresponding nucleation regions. Surprisingly, the MFM 
images illustrate obvious reverse domains on the defect region 
for the first time using MFM technique in 3D view.  
 There are contrasting opinions of the impact of defects on 
coercivity. On the one hand, it has been stated by Woodcock et 
al.[34] that these defects lead to a decrease in the coercivity of 
the magnet because of the resulting distortion in the crystals. 
Hence, it was suggested that decreasing defects at the surface 
of Nd2Fe14B grains will increase coercivity. However, on the 
other hand, it has also been stated [41] that these defects or 
imperfections are important for the materials to obtain a large 
coercive field. During the magnetization process, the moving 
domain walls intersect with imperfections such as defects or 
dislocations in the crystal. A large external field is required to 
pass the boundary across the defect. When the domain 
boundary moves past the defect, the formation of spike-like 
domains is generated. A schematic diagram of the formation of 
the spike domain has been given elsewhere [41] and is shown 
in Fig 8. 
When the magnetic field is removed at saturation, the 
reformation of the domain walls is resisted by the defect. The 
demagnetizing field is not sufficient to overcome the energy 
barrier in order to reverse the domain walls back to their 
original positions. The domain walls are incapable of fully 
inverting back to their original locations and an external field 
in the opposite direction is required to reduce the 
magnetization to zero. As a result, the magnetization curve of 
the materials shows large-area hysteresis loops with high 
remanence and large coercivity. Therefore, it is very important 
for hard magnetic materials to contain many defects or 
impurities in order to be used as permanent magnets.  
 
Fig. 7. Four defect regions (upper row) and their corresponding nucleus (lower row) observed at different sample areas by MFM. 
 
Fig. 8. Schematic evaluation of the domain boundary moving past the defects 
which form spike domains.  
 
Fig. 9. Scanning electron microscopy image of Nd-Fe-B surface.  
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Usually, Nd-rich phases are found in thin and large layers 
surrounding the Nd-Fe-B grain boundaries and junctions [34]. 
Nd-rich layers are present in the sintered Nd-Fe-B magnet in 
oxide and metallic phases [42, 43]. The thin and smaller layers 
are metallic in character, whereas the larger and more rounded 
Nd-rich layers are oxides [44]. However, the typical crystalline 
microstructure of the studied Nd-Fe-B magnet is shown in Fig. 
9 and imaged using SEM, with the existence of Nd-rich spots 
and layers at triple junction. 
Furthermore, Raman spectroscopy was carried out in order 
to identify the defect region. Fig. 10 shows the Raman trace of 
the Nd-Fe-B magnet for four different areas (two defect areas 
and two non-defects). The spectra contain strong peaks 
appearing in the area between 150-600 cm−1 wave number 
regions, which match the peaks observed for pure Nd2O3. It is 
interesting to note that no peaks have been found on the planar 
except at the triple junctions during the process of 
spectroscopy. This suggests that the defect regions are oxides 
rather than metallic in character.  
Furthermore, the presence of interfacial defects is expected 
to decrease the anisotropy of the Nd2Fe14B phase, and in 
addition interaction and exchange significantly change at these 
defect regions. Hence, study of the defects is an important 
issue in order to control their occurrence over the surface and 
improve the coercivity of the magnet. 
VI. EFFECTS OF DEFECTS ON THE COERCIVITY: 
Theoretically, in describing the correlation between the 
reversal of magnetization and the coercivity of permanent 
magnet materials, two main models have been developed. One 
was proposed by Kronmüller [8] within the so called 
micromagnetic approach and the other is a phenomenological 
(global) model suggested by Givord et al. [9]. Both models 
describe the defect mechanism and have the common 
weakness that they use the hard magnetic phase energy as the 
energy reference because the defects physical characteristics 
are unknown. In the global model, the volume of the nucleus 
(v) appears in the expression for coercive field, and is assumed 
to be equal to the activation volume (𝑣𝑎) which can be 
evaluated experimentally. However, it is claimed in this paper 
that the nucleation volume can be determined for the first time 
from the observed MFM image and identified as the volume of 
the area that results from the effect of the defect region on the 
domain pattern.  
In 1996, Coey [45] (chapter 5 by Givord and Rossignol) 
showed the schematic representation of a 3D conical nucleus 
with the determination explained for volume and surface area 
of nucleus. In this paper, the shape of nucleation region 
appears as a circular truncated cone with different lower and 
upper radii. By using the XEI digital imaging process, the 
width and height of any features or defects can be easily 
evaluated using 2D line profile method (cross section). 2D line 
profiles have been applied to the nucleus in both X and Y axes 
to determine the shape of nucleus. Both X and Y line profiles 
 
Fig. 10. Raman spectroscopy signal for four different areas of Nd-Fe-B surface.  
 
Fig. 11. Defect measured using XEI imaging process software: (a) 2D and 3D topography image and line profile analysis (vertical and horizontal); (b) 2D and 
3D MFM image and its line profile analysis (vertical and horizontal). 
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exhibit same shape being circular truncated cone with same 
width and height as it is shown in Fig. 11, and one of the line 
profiles (X coordinate) is chosen for volume determination. 
Half the lower width and half the upper width of line profile 
applied over the nucleus represent the lower radius and upper 
radius of the truncated cone respectively. The height in z 
coordinate of line profile represents the circular truncated cone 
height. Then, volume and surface area is determined for the 
truncated cone with different radii from the expressions: 
hrrrrv )
2
221
2
1(
3
1
                                                  (3) 
22
)
21
()
21
( hrrrrs                                          (4) 
where: v is the nucleation volume; s is the surface area; 𝑟1 and 
𝑟2 are lower and upper radii of nucleation region respectively; 
and h is the nucleus height. These parameters are determined 
using 2D line profile analysis on XEI software.    
Six different defects have been scaled using XEI imaging 
software. The defect heights range approximately from 132 ± 
0.2 nm to 477 ± 0.1 nm and the width is 3 ± 0.2 µm. In 
addition, the six corresponding nucleation regions are 
measured with a height of 19 ± 0.2 nm, lower radii of 1.33 ± 
0.2µm and upper radii from 0.3 ± 0.1µm to 1.02 ± 0.1µm. 
Hence, the nucleation surface areas (s) range from 1.08 to 
2.26 µ𝑚2 and the volume (v) is from 0.0138 to 
0.08366 µ𝑚3.These values are shown in Fig 12 and can be 
theoretically used for further investigations of coercivity. 
In coercivity analysis, it is difficult to experimentally 
analyse the influence of microstructure on coercivity. 
Therefore, models have to be utilised to describe the 
relationship between experimental observations of 
microstructure and the coercive field. An approach has been 
developed based on the global modal expression [9]:  
       



M
kT
MN
vM
H c
s
seff
s
w
0
3/1
0
25                    (5) 
The global approach based on the fact that same energy 
terms are essentially involved in all magnetization reversal 
processes [45]. Detailed explanation on the mechanism 
involved in this model showed in reference [45]. In this model, 
the magnetization remanence 𝜇0𝑀𝑠= 1.44T, and the critical 
nucleus volume (v) is an important feature and has been 
evaluated using MFM for different nucleus regions which are 
shown in Fig. 12. The domain wall energy (𝛾𝑤) has been 
determined in the previous section (table I). The parameters α 
and 𝑁𝑒𝑓𝑓  represent the nature and dipolar interactions in the 
nucleus respectively, and they are purely phenomenological 
parameters. In the literature, α has been taken as 0.8 and 𝑁𝑒𝑓𝑓  
as 1.1 at temperature T =300k [46].  
The model gives the correlation between the observed 
nucleus volume and coercivity. Fig. 13 shows that coercivity 
(Hc) decreases with nucleation volume in both directions 
perpendicular and parallel to the alignment axis, and there is 
little further reduction in the coercive field if the nucleation 
volume increases further. As a result, the magnetization curve 
of the materials shows large-area hysteresis loops with large 
coercivity. This is in agreement with the recent simulation 
results obtained by Bance [3, 5] and Suss [47]. Suss confirmed 
that the nonmagnetic Nd-rich regions at the junctions of the 
grain boundary considerably reduce coercivity (Hc). Bance 
concluded that the soft defects between grain boundaries of 
Nd-Fe-B magnets reduce the coercivity of the magnet.   
The coercivity of the sintered Nd-Fe-B has been evaluated 
from this model as Hc= -1191 kA/m at a nucleus volume (v) 
equal to 0.027966 µm³. Surprisingly, this value is consistent 
with the measured coercivity of this magnet, Hc=1058 kA/m. 
This validates our finding of nucleus volume using the MFM 
technique. From the model results, the defect regions reduce 
the coercivity value and generate large hysteresis loop that 
lead to improve the magnetic properties of materials. 
Therefore it is recommended for the materials to have more 
defects over the surface with limited size and uniform 
distribution. 
VII. CONCLUSION: 
The paper has described the use of the MFM technique to 
characterize the domain microstructure of a sintered Nd-Fe-B 
magnet in the perpendicular and parallel directions. To 
enhance the MFM images, XEI imaging process software is 
employed. The MFM images have shown important micro-
magnetic structural characteristics such as spike domains and 
reverse spikes in 3D view, defect regions and their 
corresponding nucleation areas. Based on the XEI images, the 
effective domain width and domain wall energy have been 
determined in both surfaces perpendicular and parallel to the 
alignment axis.  
 
Fig. 12. Volume and surface area of different nucleation regions measured 
using XEI imaging software.  
 
Fig. 13. Model results for coercivity (Hc) in both directions versus the nucleus 
volume (v) at a temperature of 300K.  
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The physical characteristics of defects and nucleation sites 
of the experimental specimen have been established using the 
MFM technique for the further investigation of coercivity. An 
approach developed to analyse the changes in coercivity with 
nucleation volume reveals that the volume of nucleation is 
inversely proportional to the coercive field. The existence of 
defect regions has been shown to have a significant impact on 
magnetostatic interactions and exchanges. The defect regions 
have been identified as oxides rather than metallic in character. 
The results presented provide clear evidence that defects on 
the surface of Nd-Fe-B magnets determine coercivity behavior 
as demonstrated experimentally using the MFM technique.  
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